ABSTRACT: Quantification of permeability structure in outcrop reservoir analogs documents the distribution of flow units and barriers important for reservoir management and simulation. Differences in burial history and diagenesis of the outcrop analog and the subsurface reservoir must be quantified, however, before outcrop permeability data can be used to model subsurface strata appropriately. A case study of the Lower Cretaceous Fall River Formation shows that permeability differences between facies are accentuated by diagenesis, and permeability variation increases with the extent of burial diagenesis. The Fall River Formation, which is exposed in outcrop around the Black Hills uplift in Wyoming and South Dakota, USA, produces oil from fluvial and estuarine valley-fill sandstones in the adjacent Powder River Basin. Outcrop sandstones were buried to 2 km before being uplifted at the end of the Cretaceous, whereas reservoir sandstones remained at depths of 2-4 km throughout the Tertiary.
INTRODUCTION
It is difficult to determine the spatial distribution of rock properties at the interwell scale in the subsurface, so outcrop characterization, including permeability measurement, is commonly used to develop quantitative descriptions of reservoir architecture (Stalkup and Ebanks 1986; Fisher et al. 1993; Barton 1994; Kerans et al. 1994; Willis 1997 Willis , 1998 . The use of flow simulation models based on outcrop data can improve prediction of fluid-flow behavior in analogous subsurface reservoirs. Developing quantitative models of reservoir heterogeneity using outcrop data, however, requires that the permeability structure of the outcrops adequately reflects the permeability structure of analogous reservoir rocks in the subsurface (Fisher et al. 1993 ). In the past, the assumption has been made that whereas permeability magnitude changes between the outcrop and subsurface, permeability distribution (variance, distribution type) remains similar (Stalkup and Ebanks 1986; Fisher et al. 1993) .
The Fall River Formation provides an opportunity for testing the assumption that permeability structure remains the same in outcrop and the subsurface, despite differences in burial and diagenetic histories. The Fall River sandstone is exposed in outcrop in South Dakota and Wyoming around the Black Hills Uplift, and it passes into the subsurface westward in the Powder River Basin (Fig. 1) , where it produces oil from reservoirs at depths of 1.8 to 4.0 km. The goals of this paper are (1) to identify the major controls on permeability in Fall River sandstones in outcrop and in the subsurface, (2) to determine whether burial diagenesis has altered permeability structure between outcrop and subsurface sandstones, and (3) to develop quantitative information on how diagenesis influences permeability distributions.
GEOLOGIC SETTING
The Lower Cretaceous Fall River Formation (Fig. 2 ) was deposited in western South Dakota, northeastern Wyoming, and southeastern Montana ( Fig. 1 ) during initial transgression of the Cretaceous Western Interior Seaway (Bolyard and McGregor 1966; Rasmussen et al. 1985; Ryer and Gustason 1985; Gardner et al. 1995) . The Fall River Formation is 20-45 m thick (Rasmussen et al. 1985) , and the sediment was sourced predominantly from the craton to the east (Chisholm 1970) . Low accommodation on the stable, cratonic margin of the seaway promoted unconformity development and valley incision of Fall River deposits during periods of base-level fall Willis et al. 1995; Willis 1997) . Fall River deposits exposed in outcrop consist of laterally continuous, 3-to 10-m-thick, upward-coarsening deltaic deposits locally cut out by 20-to 40-m-thick, 3-to 10-km-wide valley fills trending generally southeast-northwest ( Fig. 1 ; Gardner et al. 1995; Willis et al. 1995; Willis 1997) . The valley-fill deposits, which are divided into sequences by major erosion surfaces, consist of fluvial channel-form bodies stacked vertically and laterally Willis 1997) . Each valley-fill sequence becomes gradually finer grained and more estuarine upward (Willis 1997) .
Valley fills are economically important oil reservoirs in the Powder River Basin. The reservoir sandstones at Buck Draw field are interpreted as fluvial and estuarine valley-fill deposits (Dharmasamadhi 1995; Gardner et al. 1995) . These kilometers-wide valley fills are incised into deltaic deposits and trapped by low-permeability marine deposits (Hawkins and Formhals 1985; Sellars and Hawkins 1992) .
METHODS
A total of 166 thin sections from Fall River fluvial, estuarine, and deltaic deposits from outcrop and from the subsurface form the petrographic data base for this study. The outcrop samples (48) were collected from Red Canyon and Buffalo Basin (Fig. 1) . The subsurface samples (118) came from 10 cored wells in Buck Draw field; sample depths range from 3742 to 3868 m. The incised-valley system at Buck Draw field (Fig. 1) is interpreted to be different and more southerly than the valleys that pass through Red Canyon and Buffalo Basin (Dharmasamadhi 1995; Gardner et al. 1995) .
The composition of Fall River sandstones was determined by standard point counts (200 points) of thin sections stained for potassium feldspar and carbonates. Point counts of cements differentiated between those falling FIG. 1.-Permeability of Fall River sandstones was studied in outcrop at Red Canyon and Buffalo Basin, South Dakota, and in Buck Draw field (depth ϭ 3.8 km) in the Powder River Basin, Wyoming. Structure contours of the top of the Fall River Formation and the Fall River outcrop belt are superimposed. Modified from Sellars and Hawkins (1992) , Dolson and Miller (1994) , and M.H. Gardner (written communication 1994) . Sorting is reported as standard deviation of grain size in phi units. Mineral composition and porosity are given in percentages of whole-rock volume.
1 Average values of hematite are reported for all samples, not just those containing Ͻ5% hematite. within molds of dissolved grains and those in primary pores. Counting error varies with the percentage of the constituent. At one standard deviation, a constituent that is 50% of the sample (whole-rock volume) has the maximum error of Ϯ 3.6%, whereas a constituent that is 10% of the sample has an error of Ϯ 2.1% and one that is 2% of the sample has an error of Ϯ 0.9% (Folk 1974) . Grain size was estimated to quarter-phi units, and sorting was estimated by comparison with published sorting comparators (Longiaru 1987) .
The permeability of Fall River outcrop sandstones was measured by injecting nitrogen gas into samples using a probe-style, steady-state permeameter similar in design to that used by Goggin (1988) and Barton (1994) . This portable field permeameter provides reliable permeability estimates for sandstones ranging between 5 millidarcys (md) and 15 darcys (D) (Barton 1994; B.J. Willis, written communication 1994) . Outcrop permeabilities measured on the rock surface can be orders of magnitude lower than those of the relatively unweathered rock directly beneath (depending on the extent of surface weathering and iron-oxide varnish). To avoid these surface effects, we measured permeability on freshly broken 2.5-cm-diameter core plugs or at the base of holes from which the core plugs had been extracted. Care was taken to avoid rock imperfections such as chipped surfaces and microfractures. Porosity and permeability of Buck Draw samples were measured with respect to helium by standard core-analysis techniques using plug samples.
PETROGRAPHY OF FALL RIVER SANDSTONES
Fall River sandstones from Red Canyon and Buffalo Basin outcrops and from Buck Draw field are mineralogically mature quartzarenites to sublitharenites (Tables 1, 2 ). Plagioclase is the most abundant feldspar in the subsurface, but in outcrop orthoclase is more abundant than plagioclase. The most abundant lithic grains are chert, metamorphic rock fragments, and mud clasts. The similarity in detrital mineralogy from all areas suggests that the different Fall River incised valleys all tapped the same general source area.
Thin sections of representative fluvial and estuarine valley-fill deposits and deltaic deposits reveal the differences in composition among depositional facies (Tables 1, 2 ). The mean volume of ductile grains, mainly mud clasts, micas, and low-rank metamorphic rock fragments, is higher in estuarine and deltaic sandstones than in fluvial sandstones (means are significantly different at the 99% confidence level). Some fluvial sandstones contain mud clasts, but hydraulically light, platy grains such as mica and metamorphic rock fragments were deposited more commonly in the lowerenergy estuarine and deltaic environments.
The mean grain sizes of both outcrop sandstones (2.82 phi; 0.141 mm) and Buck Draw field sandstones (2.96 phi; 0.129 mm) are lower fine grained. The difference in mean grain size is not statistically significant (Fig. 3) . Outcrop estuarine and deltaic sandstones, however, are significantly finer grained than outcrop fluvial sandstones (Table 1 ). In Buck Draw field, the fluvial and estuarine sandstones have the same average grain size, but deltaic sandstones are significantly finer grained (Table 2) . No statistically significant difference exists between sorting of Buck Draw sandstones (0.37 phi standard deviation) and outcrop sandstones (0.41 phi standard deviation).
BURIAL AND DIAGENETIC HISTORIES
The burial and temperature history of the Fall River sandstone differs greatly between outcrop and Buck Draw field (Dutton 1997) , and this difference has a significant impact on the degree of diagenesis. The outcrop sandstones are interpreted to have been buried to 2 km by the end of the Cretaceous, when they reached a maximum temperature of 80ЊC. They were then uplifted and have remained at near-surface temperatures since the Paleocene. In Buck Draw field, Fall River sandstones were buried to 2.5 km during the Cretaceous and then continued to subside during the Tertiary, when they reached a depth of 4 km and a maximum temperature of 140ЊC.
As a result of the greater burial depth and temperature, sandstones in Buck Draw field have undergone more extensive diagenetic changes than those exposed at the surface now (Tables 1, 2) (Dutton 1997) . From petrographic evidence, the relative order of occurrence of the major events in the diagenetic history of Fall River sandstones in Buck Draw field was interpreted to be (1) precipitation of pyrite, siderite nodules and chlorite and illite rims around detrital grains, (2) mechanical compaction, (3) quartz cementation, (4) Fe-calcite cementation, (5) dissolution of feldspars and Fe-calcite cement and (6) precipitation of kaolinite, (7) stylolitization and precipitation of additional quartz cement, and (8) emplacement of reservoir bitumen (Fig. 4) .
Fall River sandstones in outcrop have undergone less diagenesis (Fig. 4 ). They contain clay rims and minor quartz overgrowths but no siderite or calcite cements. These carbonate cements either never were precipitated or were dissolved after uplift. The latter explanation seems most likely for siderite because it appears to be one of the earliest cements to precipitate in the Fall River sandstones. Siderite is unstable in oxidizing ground water (Hem 1970; Berner 1971) , and any early siderite may have dissolved or altered to ferric hydroxide after the sandstones were uplifted and subjected to nearsurface weathering. In contrast, iron-bearing calcite cement was a relatively late diagenetic phase (Fig. 4 ) that may not have precipitated before the Fall River sandstone was uplifted around the Black Hills. Carbonate cementation was minimal in the subsurface sandstones. Carbonate cement constitutes a small percentage of total rock volume (x ϭ 0.3%, ϭ 0.8%; range 0-6%), and it appears to have little effect on reservoir permeability. Linear regression shows that carbonate-cement volume predicts only 1.3% of the variance of permeability, a statistically insignificant value. The lack of carbonate cement in outcrop samples, therefore, should not be an important cause of permeability differences between outcrop and subsurface.
The Fall River Formation in outcrop contains abundant hematite/goethite nodules and layers that generally follow bedding and commonly are located at zones of permeability contrast (Fig. 5) , particularly within or just below erosion surfaces flooring coarser-grained valley-fill deposits (Willis 1998) . These may represent ground-water ferricretes (Wright et al. 1992 ) that formed under oxidizing conditions by mobilization of ferrous iron from siderite and pyrite and precipitation of ferric hydroxide. The hematite contains rare pseudomorphs after pyrite, but no pseudomorphs after siderite were observed. Some of the hematite/goethite in outcrop probably is in the same location as siderite or pyrite nodules used to be and simply was altered in place. Other hematite layers appear to have been redistributed by circulating ground water, precipitating in locations dictated by permeability and local pore-water chemistry. The common presence of hematite layers along basal erosion surfaces in outcrop may represent redistribution of iron from siderite nodules that existed as gravel lags at the bases of sequences (S. Stonecipher, personal communication 1997) . Layers of siderite cement along basal erosion surfaces were not observed in the cores from Buck Draw field. Instead, siderite is disseminated or is present as small nodules.
Finally, neither stylolites nor reservoir bitumen is present in outcrop sandstones. The outcrop sandstones were uplifted before stylolites formed or oil migrated into the Fall River Formation (Fig. 4 ).
PERMEABILITY DISTRIBUTION: FALL RIVER OUTCROP SANDSTONES
A total of 1907 permeability measurements were made of Fall River fluvial, estuarine, and deltaic sandstones in outcrop at Red Canyon (Willis 1998) . No permeability data were collected at Buffalo Basin. The total sandstone population has nearly a log-normal permeability distribution; geometric mean permeability is 1658 md (Fig. 6A) . Many of the lowpermeability samples are hematite-cemented sandstones (Willis 1998) . The mean permeability of fluvial sandstones (3295 md; Figs. 6B, 7) is significantly higher than that of estuarine sandstones (1039 md; Figs. 6C, 7) at the 99% confidence level (t ϭ 18.4). Both the fluvial and estuarine sandstones have a unimodal permeability distribution (Fig. 6B, C) , but estuarine sandstones have greater permeability variation. The coefficient of permeability variation (standard deviation divided by the arithmetic mean) of the estuarine sandstones is twice that of the fluvial sandstones, 1.4 versus 0.7. Deltaic sandstones have lower average permeability than do either fluvial or estuarine valley-fill sandstones (Figs. 6D, 7) . Geometric mean permeability of Red Canyon deltaic sandstones is 162 md, and the coefficient of variation is 1.22.
Controls on Permeability-Outcrop Samples
To determine the controls on permeability in Red Canyon sandstones, we assessed the relative importance of the independent variables of grain size, sorting, ductile-grain content, and various authigenic cements, including hematite, by using stepwise multiple linear regression. Porosity was not included in the multiple regression because it is a dependent variable with respect to sorting, ductile-grain content, and cement volume.
Results indicate that grain size, ductile-grain content, and hematite cement volume significantly influence permeability of the Fall River outcrop sandstones. The impact of these parameters on permeability is expressed by the following equation:
Log permeability ϭ 5.1 Ϫ (0.08 ϫ ductile-grain volume)
The coefficient of determination (r 2 ) for this equation is 0.75, and, thus, the estimated proportion of the log permeability variance that can be accounted for by ductile-grain volume, grain size, and hematite volume is 75%. No other variables make a statistically significant contribution to permeability prediction. The most important parameters affecting permeability are grain size and ductile-grain content, which account for 57% of the total permeability variation (i.e., the value of r 2 for the regression of log permeability on the two variables grain size and ductile-grain volume is 0.57). Both grain size and ductile-grain volume are determined by the energy of the depositional environment and are classified as depositional, rather than diagenetic, controls on permeability. Because ductile grains in Fall River sandstones have a platy shape and consequent lower settling velocity, they are associated with quartz grains of smaller sand size (Pettijohn et al. 1972) and are most abundant in low-energy depositional environments. In contrast, hematite content is clearly a diagenetic control on permeability. However, because hematite formed after uplift of the Fall River (the telogenetic stage of Choquette and Pray 1970) , this diagenetic control on permeability is not present in the subsurface reservoir sandstones.
The importance of depositional controls on permeability is illustrated by a horizontal permeability transect taken in one distributary channel in Red Canyon (Figs. 8, 9 ). Sandstones within this channel show a systematic decrease in grain size that corresponds with a decrease in depositional current speed, judging by the internal sedimentary structures. Petrographic analysis was done on six samples from this transect. The samples show a direct correlation between decreasing grain size, increasing ductile-grain content, and decreasing permeability for successive samples progressing toward the channel-filling margin (left side) (Fig. 9) .
Permeability Contrast across Sequence Boundaries
In outcrop, the basal erosion surfaces that floor discrete valley fills are commonly overlain by mud-clast conglomerates. These mud-clast layers have been hypothesized to form permeability barriers in subsurface reservoirs . To better quantify the degree of permeability contrast at these sequence boundaries, we collected nine samples from sandstones immediately above basal erosion surfaces in Red Canyon and compared them with all fluvial sandstones. Results revealed that the major difference between the samples was in the ductile-grain content; the basal erosion surfaces contain more mud clasts (x ϭ 5.8%, ϭ 6.0%) than do other fluvial sandstones (x ϭ 0.6%, ϭ 0.5%). Mean permeability of the basal-erosion-surface samples is 203 md, compared with 3295 md in all fluvial sandstones, or approximately one order of magnitude difference. Quantifying the permeability contrasts along major bounding surfaces in outcrop is complicated by the presence of weathering minerals such as hematite. If the hematite represents in-place alteration of siderite, then this degree of permeability contrast would be expected to exist in the subsurface. Even if continuous siderite layers do not exist along sequence boundaries in the subsurface, however, permeability contrasts will exist along the basal erosion surfaces because of the presence of the ductile mud clasts. The average permeability in six basal-erosion-surface samples containing Յ 5% hematite is 518 md, which is significantly lower than permeability in all fluvial sandstones. Thus, even where valley incision juxtaposes two FIG. 10.-Semi-log plot of porosimeter-measured porosity vs. permeability for 118 Fall River sandstones that constitute the petrographic data base for Buck Draw field. Linear regression equation relating porosity and log permeability is log permeability ϭ Ϫ2.9 ϩ 0.36 (porosity).
fluvial-dominated valley fills, there can be permeability contrasts of as much as an order of magnitude between valley sequences.
PERMEABILITY DISTRIBUTION: FALL RIVER SUBSURFACE SANDSTONES
A total of 615 permeability measurements were made on Fall River core plugs from fluvial, estuarine, and deltaic sandstones in Buck Draw field. To the extent that it can be determined from cores, the Buck Draw sandstones represent the same population of lithofacies as was observed in outcrop (Dharmasamadhi 1995; Gardner et al. 1995) . As would be expected from the greater burial depth and longer exposure to high temperatures, permeabilities of Fall River sandstones in Buck Draw field are significantly lower than those of Red Canyon sandstones, averaging 0.23 md (Fig. 6E ) versus 1658 md (Fig. 6A) , respectively.
In contrast to the unimodal permeability distribution in the outcrop sandstones, Buck Draw sandstones show a bimodal permeability distribution, with one mode around 10 md (log value of 1) and the other at 0.02 md (log value of Ϫ1.75) (Fig. 6E) . Both the fluvial and estuarine sandstones have bimodal permeability distribution. In the fluvial sandstones, higherpermeability sandstones are dominant, whereas in the estuarine sandstones, the lower-permeability sandstones predominate (Fig. 6F, G) . The mean permeability of fluvial sandstones at Buck Draw field of 1.5 md is significantly higher (at the 99% confidence level; t ϭ 7.2) than the 0.17 md mean permeability of the estuarine sandstones (Fig. 7) . The coefficient of permeability variation of estuarine sandstones (2.9) is twice that of fluvial sandstones (1.4). This is the same ratio as in outcrop sandstones, but the coefficient of variation has doubled in both facies.
As in outcrop, deltaic sandstones in the subsurface have a lower average permeability than either the fluvial or estuarine sandstones (Figs. 6H, 7) . The geometric mean permeability of deltaic sandstones at Buck Draw field is 0.04 md, and the coefficient of variation is 4.1.
Although permeability has been reduced in fluvial, estuarine, and deltaic facies in the deeply buried Buck Draw sandstones as compared with that of the outcropping Red Canyon sandstones, permeability of the three facies has not been reduced equally. Reductions in permeability by facies were as follows: (1) fluvial sandstones were reduced 3.4 orders of magnitude (3295 md to 1.5 md), (2) estuarine sandstones were reduced 3.8 orders of magnitude (1039 md to 0.17 md), and (3) deltaic sandstones were reduced 3.6 orders of magnitude (162 md to 0.04 md) (Fig. 7) .
In summary, three major changes in permeability distribution have occurred between the Fall River sandstones exposed in outcrop and those in the subsurface at Buck Draw field: (1) permeability distribution has gone from log-normal to bimodal, (2) the coefficient of variation has doubled in all three facies, and (3) the difference in mean permeability between fluvial and estuarine or deltaic sandstones has increased.
Controls on Permeability-Buck Draw Samples
Permeability in Fall River sandstones at Buck Draw field is strongly correlated to porosity (Fig. 10) . Cade et al. (1994) developed a series of model-derived porosity-permeability trends that would result from compaction and various styles of cementation. Comparison of the Fall River trend with the theoretical curves of Cade et al. (1994) suggests that permeability is controlled mainly by compaction and overgrowth cementation (quartz), with only a minor contribution from pore-filling cement (Fe-calcite) and grain-rimming clay (chlorite). Multiple regression analysis confirms that quartz is the only diagenetic cement to significantly influence permeability in Buck Draw sandstones. The relative importance of grain size, sorting, ductile-grain content, and authigenic cements in controlling permeability in Buck Draw sandstones was assessed by stepwise multiple linear regression. Quartz-cement volume, ductile-grain content, and grain size are the only parameters that significantly influence permeability (at the 95% confidence level) in Fall River outcrop sandstones, as follows:
Log permeability These three variables account for 49% of the measured variation in permeability (r 2 ϭ 0.49). T-tests indicate that none of the other variables (sorting, volume of illite, chlorite, or carbonate cement) makes a statistically significant contribution to permeability at the 95% confidence level.
The two parameters related to the energy of the depositional environment, grain size and ductile-grain content, explain 34% of the permeability variation. Volume of quartz cement explains only 15% of the permeability variation in these strongly quartz-cemented sandstones. (Quartz-cement volume explains 28% of the permeability variation, however, when correlation is restricted to samples of 2.5 to 3.5 phi containing Ͻ 5% ductile grains.) Fe-calcite, siderite, and pyrite cements have no significant correlation with permeability in Buck Draw sandstones, providing further evidence that the thick hematite layers present in outcrop do not correspond to cement layers in the subsurface.
Permeability Contrast across Sequence Boundaries
Four thin sections of mud-clast-rich sandstones at sequence boundaries in Buck Draw field were analyzed to compare permeability of sandstones immediately above basal erosion surfaces with that of all fluvial sandstones. The basal erosion surfaces contain slightly more mud clasts (x ϭ 3.8%, ϭ 2.9%) than do other fluvial sandstones (x ϭ 2.4, ϭ 2.3%), as well as more quartz cement (14.8 Ϯ 1.8% vs. 12.3 Ϯ 3.3%, respectively). Mean permeability in the basal-erosion-surface samples is 0.13 md, as compared with 2 md in all fluvial sandstones, or approximately one order of magnitude difference. These data support the hypothesis of Gardner et al. (1995) that mud-clast layers at sequence boundaries may form permeability barriers or baffles in subsurface reservoirs. Mineral compositions are given in percentages of whole-rock volume.
FIG. 11.-Volume of quartz cement in Buck Draw sandstones has an apparently normal distribution about a mean of 13%. A few samples are extensively cemented by quartz (Ն 16%).
DISCUSSION
The change in permeability distribution of Fall River sandstones from log-normal in outcrop to bimodal in the subsurface and the increase in the coefficient of variation are changes caused by burial diagenesis. A similar change from log-normal to bimodal permeability distribution with burial diagenesis was observed by Ehrenberg (1997) in Brent Group sandstones from the North Sea.
To determine how diagenetic changes influenced permeability, we quantified the differences between the sandstones composing the two permeability modes, using a cutoff of 0.3 md (log value of Ϫ0.5; Fig. 6E ). The main differences observed between the high-and low-permeability populations are: (1) facies, (2) grain size, (3) volume of quartz cement, and (4) ductile-grain content (Table 3 ). The high-permeability samples are dominantly fluvial, whereas most of the low-permeability sandstones are estuarine or deltaic. High-permeability sandstones contain an average of 2.3% ductile grains, and mean grain size is 2.76 phi; low-permeability sandstones average 5.5% ductile grains, and mean grain size is 3.15 phi (Table 3) . Finally, the high-permeability population contains an average of 11.2% quartz cement, as compared with 14.2% in the low-permeability population (Table 3 ). All three parameters, ductile-grain volume, grain size, and quartz-cement volume, are significantly different at the 99% confidence level between the high-and low-permeability populations.
Grain size is a significant control on permeability in both outcrop and subsurface populations, and it is logical that the lower-permeability sandstones at Buck Draw field are characterized by finer mean grain size. Grainsize distribution in both populations is unimodal (Fig. 3) , however, so this parameter cannot explain the change from log-normal to bimodal permeability distribution between outcrop and subsurface.
Although the volume of ductile grains exerts a control on permeability in Fall River outcrop sandstones, their influence may have been accentuated in the more deeply buried subsurface samples. Minus-cement porosity of outcrop sandstones averages 31%, indicating that although these sandstones underwent moderate mechanical compaction during burial, they were not fully mechanically compacted (Dutton 1997) . The additional burial experienced by Fall River sandstones at Buck Draw field reduced minus-cement porosity to 22%. Although ductile grains experienced sufficient compaction to influence permeability in the sandstones now exposed in outcrop, the deeper burial of Buck Draw sandstones apparently resulted in additional compaction of ductile grains and enhancement of the permeability difference between sandstones having abundant ductile grains and those with few such grains. This additional compaction may explain at least part of the change from log-normal to bimodal permeability distribution.
The one parameter that exerts significant control on permeability in Buck Draw sandstones but is not important in outcrop is the volume of quartz cement. Quartz cementation may therefore be the most important cause of the change in permeability structure between outcrop and subsurface sandstones. The volume of quartz cement in Buck Draw sandstones has a wide range (1-25%) and a mean of 12.8% (Fig. 11) . Estuarine sandstones from Buck Draw field contain significantly more quartz cement (mean ϭ 15.6%) than do fluvial sandstones (mean ϭ 12.3%; t ϭ 3.57, significant at the 99% confidence level) and are more likely to be present in the low-permeability population (Tables 2, 3) .
Almost one-quarter of the Buck Draw sandstones are extensively cemented by quartz, defined as containing ϭ 16% quartz cement. These extensively quartz-cemented sandstones are more likely to be from the estuarine facies and to be either rippled or mud-clast-bearing sandstones. The same difference between high-and low-permeability populations in deeply buried sandstones exists in the Brent Group (Ehrenberg 1997) . The low-permeability population tends to be finer grained and more heavily cemented by quartz than is the high-permeability mode.
Stylolites and Permeability
Stylolites (Fig. 12) are abundant in Fall River sandstones in Buck Draw field. To determine if variable quartz cementation caused the change to a bimodal permeability distribution in deeply buried Fall River sandstones, we examined the distribution of stylolites. Estimates of the amount of silica that could have been derived from the stylolites suggest that they contributed only 5-20% of the total volume of quartz cement in Buck Draw sandstones and that a large volume of silica must have been imported from outside the sandstones (Dutton 1997) . Although the stylolites cannot account for the total volume of quartz cement in Buck Draw sandstones, they may explain the distribution of extensively quartz-cemented, low-permeability sandstones.
We mapped the distribution of stylolites and permeability in core from the Louisiana Land & Exploration Fray No. 33-7 well in Buck Draw field (Fig. 13 ) in detail by (1) measuring permeability in the core every 1 inch (2.5 cm) using a probe-style permeameter and averaging the values in each 3-inch (7.5 cm) interval, and (2) counting the number of stylolites in each 3-inch (7.5 cm) section of core. A plot of lithofacies, stylolites, and permeability shows a correlation between stylolites and sandstones containing clay laminae (particularly rippled sandstones with clay drapes and crossstratified sandstones with clay partings) or abundant mud clasts. Permeability is highest in massive sandstones having few stylolites, and low permeability corresponds to intervals containing the most stylolites (Fig.  13) . Heald (1955 Heald ( , 1959 concluded that stylolites develop preferentially along clay partings in a generally clay-free sediment. This appears to be the case for the Fall River sandstones. Whether the process of stylolite formation is by pressure solution (references summarized in Tada and Siever 1989) or by pressure-insensitive, clay-induced quartz dissolution (Bjørkum 1996) , silica is liberated by stylolitization and is a potential source of quartz cement. Because clay laminae are more common in estuarine than in fluvial sandstones, estuarine sandstones developed more stylolites than did fluvial sandstones. The stylolites acted as an internal source of silica. Sandstones near the stylolites typically have low permeability (Fig. 13) , which we interpret as resulting mainly from above-average volumes of quartz cement.
Another factor in the preferential precipitation of quartz cement in estuarine sandstones may be the trapping of significant amounts of riverine silica in estuaries by biological uptake (Tréguer et al. 1995) . Some of this silica may be remobilized during burial diagenesis and act as an additional internal source of silica for quartz cement.
Modification of Permeability Distribution during Diagenesis
We interpret the increase in coefficient of variation between outcrop and subsurface permeability to reflect the variety of different diagenetic processes that acted to greater or lesser extent on Buck Draw sandstones. Permeability of all Fall River sandstones decreased during burial diagenesis, but permeability was reduced in some sandstones more than in others. Mechanical compaction caused sandstones containing abundant ductile grains to lose permeability relative to sandstones with few ductile grains. Some sandstones with clay laminae or abundant mud clasts were cemented by greater-than-average volumes of quartz because of stylolitization. Finergrained estuarine sandstones, with smaller pores and lower initial permeability, showed greater reduction in permeability due to burial compaction and cementation than did coarser-grained, more permeable fluvial sandstones.
The variability of diagenetic processes also caused fluvial and estuarine sandstones to develop a bimodal permeability distribution (Fig. 6F, G) . In fluvial sandstones, the higher permeability mode forms the larger peak (Fig.  6F) , suggesting that most fluvial sandstones experienced only moderate diagenesis and retained relatively high permeability. A smaller subset of the fluvial sandstones experienced more extensive compaction and cementation, resulting in a second population with lower permeability. The highpermeability fluvial sandstones (k Ͼ 0.3 md) are slightly coarser grained, better sorted, more quartz-rich, and less cemented by quartz than are the low-permeability fluvial sandstones.
The situation is reversed in the estuarine sandstones, where the lowpermeability mode forms the larger peak (Fig. 6G) . Most estuarine sandstones experienced extensive diagenetic alteration, lowering permeability greatly, but a subset of the estuarine sandstones experienced less diagenesis and retained somewhat higher permeability. The high-permeability estuarine sandstones (k Ͼ 0.3 md) are also slightly coarser grained, more quartzrich, and less cemented by quartz than are the low-permeability estuarine sandstones. They are more likely to be in massive or cross-bedded sandstones.
Fall River sandstones having lower initial permeability experienced greater diagenetic loss of reservoir quality than did ones having higher initial permeability, the same pattern observed in the Brent Group (Ehrenberg 1997). In the Fall River, this trend results mainly from the loss of porosity by compaction of ductile grains and localized heavy quartz cementation near stylolites. Both of these processes are more common in estuarine and deltaic sandstones, which contain abundant ductile grains and clay drapes, than in fluvial sandstones.
Differences in burial history between an outcrop analog and a subsurface sandstone need to be understood before outcrop data can be used successfully to model the subsurface. Measuring thermal maturity by using a timetemperature index (TTI; Waples 1980) provides a way to estimate the potential difference in diagenetic history between an outcrop and a reservoir by providing a reasonable measure of the extent of quartz cementation (Dutton and Hamlin 1992; Stone and Siever 1996; Dutton 1997; Lander and Walderhaug 1997) . The TTI of Fall River outcrop sandstones is 1, whereas the TTI of Buck Draw field is 512 (Dutton 1997) . The observed differences in permeability structure between Fall River sandstones from outcrop versus subsurface are probably typical of any sandstones having TTI values that differ by two orders of magnitude. Where TTI values are closer, permeability distributions are likely to be more similar.
CONCLUSIONS
Permeability in Fall River outcrop sandstones is controlled by properties related to depositional energy-ductile-grain content and grain size-and uplift-related hematite cement. Fluvial sandstones, which are coarser grained and contain fewer ductile grains than estuarine or deltaic sandstones, have the highest average permeability in the Fall River shallowmarine and incised-valley system. Permeability distribution is log-normal.
In Buck Draw field, where the Fall River sandstones were buried to 4 km and have been exposed to higher temperatures for a longer period of time, permeability is a function of quartz cement, as well as ductile grain content and grain size. Permeability distribution in these subsurface sandstones is bimodal, and the coefficient of variation has doubled from what it was in outcrop, both for the entire population and for each facies. Subsurface estuarine sandstones have undergone more extensive quartz cementation than have fluvial sandstones, thus increasing the permeability difference between the two facies. The reason for greater quartz cementa- tion of estuarine relative to fluvial sandstones was the apparent development of more abundant stylolites along clay drapes and partings.
Differences in permeability distribution are likely between sandstones now exposed in outcrop and those that have undergone a very different temperature and burial history and remain deeply buried. It is not always appropriate, therefore, to use permeability distributions from outcrop to model subsurface reservoirs. Flow modeling of reservoir sandstones that incorporates permeability distributions from outcrop analogs must take these differences into account. 
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